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#- =05 Remember all those Cycles ccee
you learned about?

They matter, because half a cycle on a global scale is not sustainable

Atmosphere 730 C O NOX

|Global Gross Primary \ Fossil Fuel
Production and * Combustion and H O
Respiration * Industrial 7
6.3" Processes
- ‘ A
.
Land-Use /

S
SR04

1.9

N B Pl '\
02
fuel

Carbon Flux Indicated by Arrows: Natural Flux =

Anthropogenic Flux =ssssssass

Source: Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (U.K., 2001)

The ocean and vegetation are able to absorb only 3.2 of mankind’s annual
6.3 billion metric tons of excess carbon emissions, leaving 3.1 billion metric
tons more in the atmosphere each year



Helios Program

83 rIZLI0S _ .
in Solar Fuels Generation:
complete the combustion cycle
Plants Cellulose CeIIquge-degrading
ﬁ microbes

Engineered \

photosyntheticmi Methanol

and plants Ethanol
o Hydrogen
Artificial J Hydrocarbons
photosynthes
PhotovoltaMlectricity lectrochemistry
i H.C —C—OH
CO, + H,0 sunlight SR

2
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Stored energy per volume (MJ/I)

Why liquid fuels?

R ¥ Diesel fuel, heating oil
Biodiesel

Gasoline

LNGe® o
Propane (liquid)

| Coal o Ethanol

" Methanol
Corn

Liquid H2*
Forest residues
divH hiunVYgod

o STP H2

Eropane (gas 1 bar)

0 15 50 75 100 125

Stored energy per weight (MJ/kg)
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High energy per
volume,
“transportable”

Examples: 10 gallons of gasoline vs. battery
(assumptions: internal combustion engine: 38% eff , 17% losses from idling; NiMH battery:
.36MJ/1, 60% extractable; Li-lon Battery: .9 MJ/I, 95% extractable; electric engine: 90% eff)

273,3 MJ deliverable Gasoline, 10 gallons NiMH Li lon
volume 1.3 cuft 29.8 cu ft 12.5 cu ft
weight 61.6 Ib (+250-750 Ib eng) 5,060 Ib 1,172 1b
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Major Helios Approaches
to Solar Derived Fuels

Artificial {
photosynthe

PhotovoltaMlectricity

Qiectrochemistry

Helios Nanomaterials
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Cellulose-degrading

Plants Cellulose b
ﬁ microbes
Engineered

photosynthetic m
and plants

Helios Biofuels

*Scale of the solar fuel problem

Efficiency needed

*How nanomaterials can contribute to a new solution
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® Solar efficiency and land usage —
o\
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Our goal: Demonstrate within ten years a solar fuel generator that uses abundant materials and
Scalable manufacturing processes, that has an overall stable power efficiency of > 1% from
sunlight, and that yields a chemically pure fuel having an energy density at least as large as that of
methanol (4,600Wh/l, 6,400Wh/kg)
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California electricity use
at 1% eff. or all energy at 6%

58M acres — how big is that?

1/8 of 58
(7.25) Million
acres
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B Western Forest
[ Eastern Forest
[] Croplands

[[] Shrublands

[ ] Grasslands

] Wetlands

B Water
I Barren
. Urban

After J.A. Turner, Science 285 1999, p. 687.
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83 HELIUS Solar cells based on %
Inorganic single crystals are well-established...

FINGER "INVERTED" PYRAMIDS

DOUBLE LAYER
ANTIREFLECTION
COATING

Si ~22-24%
Power efficiency
Photon to electricity

...but new phenomena on the nanoscale, coupled with the possibility of new
fabrication methods, suggest taking a closer look at nanoscale PVs
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How a solar cell works:
V=N An incident packet of solar energy—a
<©> photon—kicks an electron out of an atom,

L v Q if it has enough energy

One electron off in the
conduction band, now!

The electrons are still bound t

these atoms!

It takes a certain amount of energy to break an
electron loose from its “bound” state in a
semiconductor—the “energy gap”.
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® ;=110 A silicon solar cell absorbs sunlight. Light

quanta boost electrons into the conduction™
band and produce electric current that flows
A toward the positive terminal.
VN
<
L y Q

The p-n junction is a
one-way door for

the electrons—they A
can only flow toward g
the p-type side

positive terminal negative terminal



The efficiency of a semiconductor PV

Is related to its energy gap
—Silicon is almost ideal

Small energy gap, much
energy absorbed is
transformed to heat

31%*

Large energy

gap, not

able to absorb energy (eV)

enough TR < $ g
energy from ' .

sunlight

>
(&)
C
o
e solar flux }
O (photons per . |
= unit area per )
LLl i unit time)
1.1 eV ..
I
|
2ep eneray k

*ultimate efficiency, room

temp-- idealized model

T 3 4
band gap (eV)
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83 HEL103 Satellite Solar Cells

BERKELEY

Solar pané’l,:s have hundreds
‘on tiny solancells that convert

sunlight into electricity, whiek

: . "

provides power for the satell

llI-V multi-gap
~35-40%, 50%7?

projected real-world efficiencies at 500 suns

39% 42% 42%
——"> GaInP GalnP
1.8 eV 1.8 eV

GaAs
1.4 eV

27 | [ol

1 ‘1 —) L fiture generation —
Energy (eV) production

Is it possible to make a huge area

Ci b -
of very efficient solar cells? &\/ e

e ¢
> '1“? ) )



® Issues of.s.cale of prodgctlon ceccend] al
vs. efficiency of device

Very efficient, but not scalable Scalable, but not as efficient
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Let’s take a look at nanotechnology
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Democritus conceived of the atom... ceree)

A
||||

- 2 ...through successive division
460-370 BC



&3 rIELIOS A modern version of Z:} ﬂ
Democritus’ experiment A

100 —

)

wE

icrons

001 diam

1570 15 1550 000 W10 M 00

Jransistor size (m

-
(=4
—



SCALING LAWS
for nanocrystal properties

rlI=L1935

Melting temperature

Band Gap and energy level spacing
Hardness

Magnetism...

Control of size and shape on the nanoscale opens
a third dimension to the periodic table
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Nanocrystals and the exploitation of ceccend] .ﬁl
scaling laws ubiquitous in nature:
example Magnetotactic Bacteria

3 rIELIOS

*Exploitation of a
fundamental scaling law
*Maximum size for a
magnet to be a “single
domain,” with no defects
(tens of nm)

* Least amount of material
to achieve the greatest
degree of magnetization.

Magnetospirillum magnetotacticum

TEM images from Frankel, R. B.,
Bazylinski, D. A., et. al.
Science 1998, 282, 1868-1870



A comparison of defects ceeene
’N

In extended solids and nanocrystals

3 rIELIOS

<:><:> <:> ] defect can affect an entire bulk solid

*On average, nanocrystals contain no
N e b <:> equilibrium defects
grain boundary <:> <:> *Easier to anneal out non-equilibrium

\\; <:><:> <:> defects in nanocrystals

Equilibrium
vacancy

From the de Beers educational web site:

“Big diamonds are much rarer, so a diamond of double

Thermal motion the weight costs around 4 times more. *




12 inches (330 mm)

http://www.risoe.dk/rd/images/nua-ntd-Krystal.jpg

A crystal of silicon grown by the
Czochralski (CZ) process can take from
days to weeks

Big crystals vs. Nanocrystals
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* Size: .000002- 000200 mm
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Electron energy levels in ceccend] «l
solids, nanocrystals, and atoms

3 rELI0

¢

continuous ' ’
3D D 1

discrete
(7
D 0D
(bulk) (Quantum Well)  (Quantum Wire) {(Quantum Dot)




Schemes for harvesting ceccend] ﬁl

solar energy more efficiently
1D,
A 1P_
g 1S,
< hv
1S,
1P,
O O 1Dh

“bulk crystal” nanocrystal coupled to nanowire



 SHENIS The problem of collecting charges
iIn nano PVs

LD
O

O

Large number of interfaces and vastly greater surface area
*Potential for charge trapping and carrier loss
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) EHEIRE Studies of some %
nanocrystal-based solar cells

lﬂ

Control
of percolation
pathways
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Huynh, W. U., J. J. Dittmer, W. C. Libby, G. L. Whiting and A. P. Alivisatos (2003).
"Controlling the morphology of nanocrystal-polymer composites for solar cells." Advanced Functional Materials 13(1): 73-79.
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Shape and Performance
60 — , l l
40 | |
7 x 34 nm
G
20 J
7xX7nm
O

400 500 600 700
Wavelength (nm)

Measured at low intensity ~ 0.1 mW/cm?
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Plastic/Nanorod Solar Cell Power Efficiency

Dark

0.1 mW/cm?2
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Power Conversion: 1.7%

Short C%II’CUIt Current: 5.8
mA/cm

Fill Factor: 0.42
Voc : 0.67V
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Wavelength (nm)



Branchy crystals—1st aliquot reeee] j

Kanaras, A. G., C. Sonnichsen, H. T. Liu and A. P. Alivisatos  Nano Letters 5(11): 2164-2167. (2005). T

"Controlled synthesis of hyperbranched inorganic nanocrystals with rich three-dimensional structures." nm
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=110  Branchy crystals —3rd aliquot

BERKELEY LAB

100 nm
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Pre-formed percolation pathways .oy g

branched nanocrystals |
A B

@3 rIELIOD

|
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<

E L _ 100nm
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§ 4 - ~2.5 % Power Efficiency

1=

o -6 -

3 "] Gur, N. A. Fromer, C. P. Chen, A. G. Kanaras, and A. P. Alivisatos,
B | | | i "Hybrid solar cells with prescribed nanoscale morphologies based
02 0 02 04 06 0.8 on hyperbranched semiconductor nanocrystals,"

Voltage (V) Nano Letters 7 (2), 409 (2007).
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v New approaches to balance _— n
NS ;
eI confinement and transport

BERKELEY LAa8

Mobility:
e 2.5 cm2V-is!
h* 0.3 cm2V-1s-1

D. Talapin,
Science
310 86 (2005)

g dot superlattice
treated with hydrazine

spontaneous formation
of g dots in a rod

(T v
W 1S,
: 1P




INPUTS

GROUP I/1I-VI, III-V, IV,
SEMICONDUCTORS !
e

Approaches to nano PVs made with
environmentally benign and abundant materials
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Vacuum tubes to transistors:
History of Color TV '65-'85

Price and Volume: The experience curve

1,000

8 * USA = Japan
a
S 1961
o n : 65
<3 1965 . " % v 0 e oo
S 4100 + Tt
o - 70 o " » 75
s > w Pemy
= .
— ~
3 75, a4
: ,
a 84

10 e S

0.1 1 10 100 1000

Industry Cumulative Volume (millions)

Japanese learning rate: from 92.4% vs 61.1%

J. Shintaku, An Bus Admin Sci 4, p.1, (2005)
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83 rIZLI03 Could we jump to a new learning
curve with nano PV?

100.0 ¢

1976 :
Future scenarios:
I Crystalline silicon
;a [ Thin films/Concentrators Figure from
S B New technologies "Basic
e 10.0F Research
S - Needs for
N 2003 2013* 2023* Solar Energy”,
8 Adoption of DOE, 2005
& revolutionary R o L
= new technology ———— . 90%
S 1.0 3 ~~.
= . i 80%
o. S
*Future-year markers are based S
0, \\
on 25% annual growth rates. ~20%
0 1 10 100 1,000 10,000 100,000 (1TW)

Cumulative Production (MWp)



% . What about the fuel?
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83 rELIOS Water Splitting by Sunlight

2H,+0,

Stored |Ener
2H,0 o

Water Splitting Raction
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2 CH,OH + 30,

2 CO,+ 4H,0 Stored |Energy

Fuel-Forming Reaction

Carbon Dioxide to Liquid Fuel

by Sunlight

2CO,+ 4 H,0 — 2 CH,0OH + 3 O,




HELIOS What a Catalyst Does

Example: Water Oxidation

s+ No Catalyst — O + O + 4H+ + 4e-

ﬂ H\O/H H\O/H

de- ﬁu'\"o,F'{u'" 0,
S ¢
(@)

) H.
(0

Catalyst —»

Energy

O, + 4H™ + 4e

Reaction
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83 [0S A Clue from Nature

The OEC Active Site of PSII (Imperial College structure)

-

_’/ / acid + base = neutral
TyrZ j Q1 65 ' //' ' :O:2+ N ::O::Z— 0=0
| g - Y
@ Treer H D61 o
asic
H190 \ Water | § /Cb'
Assembly \ / acidic O
C-ter /L/)/O
E1 89 | \
MnV— -
© H332 MuItipIe Bond | \vinv =
O Q\ Atom Transfer \0 Ll
|

Turnover rate 300 s
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®#5r=tos - gynthetic Water Oxidation Catalyst
on Nanoporous Silica Support

B —Mn,-SBA15

0.50 -
- ‘ __Homogeneous solution
g of ungrafted complex
© 040~
©
(&)
o 0.30-
S
6. 0.20 -

[Mn,(p-0),(0,CCH,)CI(H,0)(bpy),](NO,), = Turnover rate 11 hour!

€ 0.104

0.00

0 100 200 300 400 500
Time [ sec ]

» O, evolution is only observed for Mn dimer complex in silica nanopores
» Turnover rate among the highest observed for synthetic Mn dimer catalyst



Photosynthetic membranes: ”\I w
natural vs. artificial

2H* + 2NADP*

ADP + P,

Cytochrome bgf PSI 2NADPH

hv
PSII !

\‘H complex SH* \
\ /"’l
E “ .)" 4

hv

<

b 3
o

WPV

Proton Thylakoid
3HY translocating lumen
ATP synthase

reductase

OEC |@ <=—=m *35" >/ psl

L 227 | 7774
v v v
Solar PV of PAssembly

(O,) || (hv harvesting and e-/h* separation) || (Hy)




®©
=2
(7]
>
1S
o
o}
c
©
P

5nm

5nm



Helios Program

83 rIZLI0S _ .
in Solar Fuels Generation:
complete the combustion cycle
Plants Cellulose CeIIquge-degrading
ﬁ microbes

Engineered \

photosyntheticmi Methanol

and plants Ethanol
o Hydrogen
Artificial J Hydrocarbons
photosynthes
PhotovoltaMlectricity lectrochemistry
i H.C —C—OH
CO, + H,0 sunlight SR

2



